
’ 1I APPENDIX C

I
I
I

Viability of a Pacific Salmon Population:

I the Sacramento River Winter Run Chinook

i "Running Head: Chinook salmon viability "

Word Count: 7908

Louis W. Botsford

I " and

I John G. Brittnacher

I Department of Wildlife, Fish, and Conservation Biology
Center for Population Biology

University of California
I Davis, CA 95616

1
1

May 1996

1
I

D--023972
D-023972



ABSTRACT

The winter run of chinook salmon iOncorhynchus tshawytscha) on the Sacramento

River in,California, U.S.A. was the first Pacific salmon stock to be listed under the U.S.

Endangered Species Act. We describe some of the characteristics of Pacific salmon

populations that require special considera.tion in viability analysis while developing a
.’.~°    .o’ ...

model specific to th6 Sacramento River winter run of chinook salmon. Their

anadromous, s(~melpdrous life history leads to a spedal definition of quasi-extinction. -.

Random variability occurs primarily in spawning or early life and is reflected in the

cohort replacement rate, the number of future spawners produced by each spawner, a

¯ measure consistent with the common practice of characterizing salmon population

dynamics in terms of stock-recruitment relationships. We determine the distribution of

cohort replacement rates ~om spawning abundance data and life history information.

We then show through simulations that:. (1) replacing this distribution with a

lognormal .distribution with the same mean and variance has a negligible effect on

extinction rates, but that (2) approximating an indeterminant semelparous life history

using a determinant semelparous life history leads to inaccurate estimates of extinction

rate. We derive delisting criteria that directly assess the effects of habitat improvement

on the population by explicitly including population growth rate. These delisting

"criteria also allow for the uncertainty involved in determining whether a pop .u]ation has

met the deli~ting criteria. This uncertainty ar~s because of the limited accuracy in

estimating spawner abundance and the finite number of samples used to estimate

population growth rate. Because the probability of extinction will generaIIy be very

sensitive to the uncertainty involved in meeting delisting criteria, we recommend that

simiIar uncertainty be accounted for in future recovery criteria for all endangered

species.                                                                  ’
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Pacific salmgnids (Oncorhynchus sp..p.)..~ _a_s.i~...c~n.. t_c0mponent of the natural

heritage of western Noah America, yet m..any s.to....c~., are.at risk of extinction. A recent

evaluation of extant, naturally spawning native P.acific salmon stocks identified 214

depleted stocks: 101 were at high risk of ~ction (i.e., were declining or had spawrffn." g

runs less than 200), 58 were at moderate risk (i.e., were relatively constant following

recent decline)~ and 54 were of special .concern for. a..variety of reasons (Nehlsen, et al.

1991). At least I06 actditional stocks were known to be extinct. Existing threats and

causes of extinction included alteration of flows in spawning rivers, removal of

spawning habitat, overfishing in mixed stock fisheries, and hatchery production

(Nehlsen, et al. 1991, Moyle 1994). Several stocks have now been listed as endangered

or threatened under the U.S. Endangered Species Act (ESA), of which the Sacramento

River winter run chinook salmon was the first in 1989.

Under the ESA, Pacific salmon are delineated by distinct pop.u]ation segments,

rather than by species. This view. of salmon, popu!.a.ti.6ns as groups of separate sto~ks

has a I0ng history in Pacific salmon rese. arc~...’..(Ri..’cke, r~,l..972, Thorpe, et aL 1981, also see

the review in Nehlsen, et al. 1991). For purposes of the ESA, a distinct population

segment is specifically defined as an evolutionary significant unit, which is an

interbreeding group of fish that: (1) is substantially (but not necessarily completely)

reproductively isolated and (2) represents a unique component in. the evolutionary

legacy of the species (Waples 1991). Using t~. ",’d..efini.tign, many races .gf. the six species

Pacific salmon species .will require specific �onside..ration under the ESA.

It appears that the declines in Pacific salmon are primarily due to alteration or

deterioration of freshwater hagitat; and fl~at habitat restoration ra~er than additional

hatcheries will be necess .ary to re.store .these .s.p..edes. Nettlsen, et al. (1991) concluded

that in 90 percent of the cases they~ exanfined, the most likely .cause of the decline was

deterioration of habitat. They joined others in.r.eco ..m~. ending approaches.,to reversing

the broad decline in these stocks that include greater dependence on habitat restoration

,
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and ecosystem hmction, rather than artificial ~od~ctioh throuff~h hatcheries (e.g:, Healy
I

1994, .Waples 199"4). In a review of pa~t performance of the Endangered Species Act,

Tear, et al (1993) recommended habitat restoration as a necessary component of species1
recovery in general. Hard, et aL (1992) Outlined the pboblems associated with hatchery

production of endangered salmonlds.      "......... I

for the a~dr~z~ous ~n~s.of the gen~s Ommrhynchu~. Although the ~g ~ind : ....."’° "

duration of freshwater and marine phases, as well as the age of maturity of these 1
anadromous fish, vary greatly (Groot and Margolis 1991), all but the steelhead

(Oncorhynchus mykiss)~and sea-run cutthroat trout (O. c!arh) die after spawning. I

Because of their unique, indeterminant semelparous life history and the fact that only1
part of the population (i.e., spawning adults and returning juveniIe) is at high risk at

any one time, special methods of risk assessment are required to accomplish three basic1

current:statu~, (2) pIanningstra~egiesfoi: ~.e.�overy; and (3) es’tablishing delisting criteria.

The last purpose, deciding when a species no longer requires special protection, must1
incorporate fundamental decisions regarding the way in which the risk of extinction is

to be reduced, yet it has received little attention in the population dynamics literature.1

a~counting for uncertainty in populationabu~lance estimaies, ha~e yet to be developed

(but see Taylor’mad Gerrodette 1993). :" ." " ’ """    ¯. _.: .... :. - :. :. ¯.:        !
The winter run is one of four disKnct races of chinook salmon in the Sacramento

River, each named for the time at which they enter tlie river to spawn (Fall, Late Fall, "I
grounds due to flow alteration and the potential for sto~ks being cross bred in " :’:. :

hatcheries, stocks s.ti]l appear to be substantially isolated (Fisher 1994, Nielsen, et al."1
1994). The winter run enters the Sacramento River in Januaryand February, spawns in

|
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ocean the following winter o.r.sp .rfi!..g-.His~ .n..c.a!ly they spawned in the cool, spring, fed
streams on the upper Sa .criamento, pit:. a~...d.My.Cloud Rivers, Battle Creek and Hat Creek

(Fig. 1). Spawning run sizes before the 1870s were estimated from qualitative

observations to be in the hundreds of thousands (Stone 1876) and ranged from 180,000

to 300,000 between 1872 and 1896 bas, ed on landings in a gill net fishery. Dam

constru .ction began to’hamper runs in the earIy ~900s, and completion of .the Shasta ..

Dam in the early 1940s sealed off most of the spawning grounds (Fig. 1). The winter

run then began to spawn in the waters downstream from Shasta Dam, which happened

to be cooled by dam releases at the appropriate time of year (Fisher 1994). Completion

of the Red Bluff Diversion Dam (Fig..1) in 1967 hampered migration to and from the

spawning area, but also provided a means of counting almost all spawning adults each

year. In recent years the gates of this dam have been open during most of the up.stream

spawning migration of the winter run to enhance upsrceam survival Since migrants are

no long~ forced to. ~s~.th~ .count.. g l~d.e,F,,_.th~ has gre~ay reduced the
this abundance estimate.

One of the unique aspects of Pacific salmon life history is that adults spawn at

nearly the same age, and they die immediately after spawning (cf. Groot and Margolis

1991), a life histo~ pattern termed ".mdet.e.rmin." a~.t semelpa.rdus. Most spawning

dete.nrdnant semelparous popuiation, sp,a~g at a cert ~ain~ age A, the.re, wouId be A
distinct, independent subpopulations..In indeterminant semelparous species, these

subpopulatiom are not independent. We refer..t° them here as temporal (as opposed to
spa~) s~bpop~daaons. The., indet.~an~" ~e~eIp~.’~ ~ ~oJmo. ~tod~ r~es sev~

question. One, a ge~er~ ~e mtory q~esao~ con~er~ ho~ the reIati~.e degree...of....
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can be used to ~hnvlify the a~alysis of e~ine~iO~ prol~abiJitie~;~ ’

Here we develop ~ approa~ to ~e ~ys~ of e~on probab~

spe~y for ~e ~ter ~ ~ook s~o~

may be rele~ t~ ~ab~ ~yses of o~er Pa~c s~o~ds. We fo~ate ~ age

s~a~e~ modei’0~" ~e~e:~i-s~melp~0~’spe~ ~d ev~uate seve~ se~ip~0~

appro~afiom. We ~e ~ model to dete~e ~e ~nt pr~ba5~ 6f ~~on" "

for the ~ter ~ of ~ook s~on on the Sa~ento ~ver, ~en to develop debug

~tefia ~or that Spedes. ~e latter ~dude e~Hdt accost

~ es~afion of ~ s~e.

A Pa~c S~on Pop~afion Model

To ~sess ~x~on ~k ~ Pa~c s~o~ we need a pop~afion model

~co~orates~a~cs~0n ~e ~t0~ ~aa~ti~,

~pi~y available, ~d (3) ~ be ~ed to compute ex~c~on

under a vafie~ of con~fiom. We ~ co~e our ~terests here to pop~afiom for

w~ we ~n ass~e ~at de~i~-dependent effeas are not ~po~L ~s ~ ~ely to

be ~e case fo~ end~gered s~0n pop~afiom

de~e~ed s~ival t~ough a phas~ ~f ~e~ ~’ ~to~ ~u~ as ~e spa~g ~ It

wo~d not be ~e ~e for p~p~om reduced to low ab~d~c6 by ~bh~on of ~e

spa~g ~bitat ~o~ford 1994).

~e ~o~afio~ ~i~y ava~able for thes~ sto~ ~ ~e ~on ~at spa~ at

ea~ age, fe~~ at age, ~d some ide~ of Whether thq pop~afio~

de~eas~g." ~O~fion 6n ~dn S~a~g at e~ age ~ ide~y ob~d ~m-

tag~gs~dies, but coMd ~ b~ espied ~m ~agd~bufiom. Of s~a~e~ over

several yea~. ~though ages’of spa~g ~ong ~ook s~on sto~ r~ge

!
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to 8 years, the standard deviations of spawning ages within a stock range from 0.206 to

0.698 years for females, indicating membersof a single stock tend to spawn near the

same age. (HeaIy 1991). For the Sacramento Ri.’ver winter run chinook, we know

fecundity and the fraction of a cohort spawning at each age, but we have no direct

esiimates of survival rate. In a tagging study conducted on three cohorts of winter run

chinook, 25% returned to spawn as two-year-olds, 67% returned to spawn as three-year-

olds, and 8% sp~cnec~ ~s four-year-olds (Hallock and Fisher 1985). Virtually all of the

two-year-old winter run chinook that spawn are males. We formulate a model of

females only, assuming there are always enough males to fertilize all eggs, hence the

fraction spawning each year is 89% at age 3 and 11% at age 4. From fish collected at the

Coleman National Fish Hatchery over 8 years, the average fecundity is 3,353, but the

dependence of fecundity on age is unknown. We assume it is the same for ages 3 and 4.

W.e can describe the deterministic population dynamics as a linear renewal

equation in terms of recruitment Rt,

Rt = [Rt_2PoS2f2 + Rt_3p0p~(1- s2)s3f3 + Rt_4P0plp2(1 - s2)(1 -s3)s4f4] (1)

where recruitment is defined to occur in the summer, shortly after entering the ocean,

pa is survival through.age a, Sa is the fraction of the cohort alive at age a that spawns

(ihen dies) at age a, and fa is fecundity at age ~ hn terms’of surviving recruits (cf.,

Chuma 1981, Kope 1987, Caswell, et a1.198~., Kaitala and Getz 1995).. This model

expresses current recruitment as the result of spawning by each age class present. In the

presentation of this model, we include ages 2 through 4; for other Pacific salmon species

which also spawn at ages older than 4, the form of additional terms would be similar.

This model could equivalently be written in terms of a Leslie matrix. The eventual

behavior of this deterministic model.is geometric increase at a rate X, where X is the..

positive real solution to the characteristic equation (i.e., an Eu!er equation), .~
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l = Ixt-2pos2f2 + xt-3pOPl(1- S2 )s3f3 + ~.t74pop~p2(1- s2X! (2)

and one can determine whether the population is increasing, decreasing or constant
m

from whether lifetime reproduction

is respectively greater than, less than or equal to 1.0.

Salmon biologists rarely describe the potential for population growth in terms of

~., rather they keep track of the number of recruits produced per spawner, with recruits

and spawners described in directly comparable terms (i.e., both stated in terms of

numbers at the same age, usually the age of spawning). This practice arose out of the

common use of stock-recruitment descriptions of the density-dependence in salmonid

reproduction and recruitment (e.g., Ricker 1954, Larkin 1988).

Formulation of a model that will be useful in estimating probabilities of

extinction requires an accurate description of the dominant sources of randomness in

population dynamics. Although some endangered Pacific salmon populations are at

low enough abundance that discrete demographic events must be explicitly treated as

random (e.g., the Snake River sockeye), here ~z~ will assume high enough abundance

that demographic stochasticity is not important. The main source of randon~ variability

in Pacific salmon populations is the random environment in the freshwater phase -

asssociated with reproduction. Naturaland anthropogerdc variability in river flows

have a large effect on both upstream and downstream migration (e.g., Kjelson and.

Brandes [1989]) for Sacramento River fall run chinook), and during these migrations

salmon will have greater exposure40 a ~,~-ietylof other risks. There is some evidence

that even the marine environmental influences ohcur at the end of this period, at the ¯

m
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I time of ocean en~3r (e.g., Kope and Botsford [1990] for Sacramento River fall run

chinook).. Ag...exception to dais would be the effect of El Nino even[s, w.hich have their

l greatest effect on growth and survival of adu!t~ at any age (e.g., Johnson 1988).

To introduce random variability in the reproductive/recruitment phase into th~

model, we first rewrite equation (1) so that it .includes only terms whose values are

! ~o~. Typically, we do not.know survivals Pa and spawning prob.abi~.’ties sa, but we

know the fraetioii spa~’dng at each age. We define the total number of spawners per

l recruit as

I
P " P0s2 + P0Pl(1 - s2 )s3 + POPlP2 (1 - s2)(1- s3)s4, (4)

I
then normalize each term in equation (1) by dividing by P, to form

P°S2 ~ P°Pl(1-s2)s3 ;or4-pOplp2(1- s2)(1- s3)s4 (5)

I
Using these in equation (1) leads to

I
Rt = [Rt_ 2~d2 ÷ R~_3 ~d3 + R~_~ o~]P            (6)

1
i If fecundity is the same at each age, we can call it f, and factor it out of the term in

brackets. We then add a tin~e-v~ng factor that incorporates the factor needed to

I normalize the coef~cients (i.e., P) and fecundity (0, and reflects the influence of the

time-varying environment between the time of upstream migration (i.e., the aaul.t
I census at Red Bluff Divers~on Dam) and the first month or so of ocean life: byrepIacing

i Pf with E t. The resulting model is

I
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The factor E t is e~senfially a time-varying version of lifetime reproduction L from the

deterministic model. If it had a constant value of 1.0, population abundance would

remain constant. Because it reflects the relative amount that a cohort recruited at time t

contributes to future recruitment, we refer to it as the cohort replacement rate (CRR).

To project probabilities of extinction, we must describe the distribution of the ~

random’variability Et: ~or t~opulations"fOr which a time series of spawn~g counts is "-

available and the age distribution of spawning is known, the distribution of E t can be

determined empirically. For the winter run chinook, estimates of spawning run

abundance, which we will call St, are available from a counting station at the Red Bluff

Diversion Dam (Figs. 1, 2). The term in brackets in equation (7) is the number of

spawners in year t divided by P. Substituting Rt=(St/P) Et for each recruitment in that"

expression yields an expression for the number of spawners in terms of past.spawners,

St - (Y2Et_2St.2 + c~3Et_3St_3 .+_(Y4Et_4St_4 (8)

This expression can be fit to the spawner count data in .several ways. One approach is

to use the age structure of spawners described above: 02=0.25, ~3--0.67 and ~4=0.08

and determine the values of CRRs that minimize the s.quared differences between

logarithms of spawning abundance from the ~i6del and-the, estimates ofspawning run

abundance. The result is shown in Fig. 2. A problem associated with this estimation

procedure is the tendency for occasional negative values of CRRs. These can be

prevented by constraining estimated values to be greater than a small, positive value,

the cor~. ~ed values of CRR are omitted from computation of the geometric mean of

the CRRs,they lead to a positive bias, and if included, they bias the estimate of the

geometric mean by an amount dependent on the value chosen as a constraint. The

!
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mean ln(CRR) not including values at. .the ..co. ~t..w:..as.-0:326, thestandarddeviation

was 1.031 and the constraint (CRR=0.066) w~ incurred 5. f!~n. es.

¯ A second approach is to assume values 0.f c~2, a3 and c~4 corresponding to a

determinant semelparous population (i.e., 02--0.0, o3=1.0, ~’4=0.0). This approach

guarantees positive values of CRRs and produces an exact fit to the spawning run

abundance ~iata. We used the distribution of CRRs from this approach in subsequent

calculations (Fig: 3). ~l~he mean and variance of this distribution are -0.631 and 1.029, "-

respectively, and it differs little from the distribution obtained using the other approach,

except for the ¢oustrained values. This approach to estimation enables one to obtain a

distribution of CRRs that is close to the actual in a sit,aation in which the actual

distribution cannot be recovered from spawning abtmdan¢~ data (see Discussion for

~rther details).

Analyses of extinction probabilities for Pacific salmon will require a specific

biological reasons we use a quasi-definitionof maihematicalextinction.For and

extinction approach (Ginzburg, et aL 1982). Quhsi-extinction is defined to occur when a

population fails below a spe~zified level. The mathematical reason for using this

approach is that the random matrix model as structured here wilt not reach an

abundance of zero. Biologically, a quasi-extinction approach makes sense because it can

reflect existing population mechanisms that dramatically incr(~ase population jeopardy

near zero befo~ spawner abundance declines to zero (Allee 1931, Dennis 1989). In

Pacific salmon, the most likely Allee effects would be failure to find mates at low

abundance and predator saturation during the downstream migration or at ocean entry

(e.g., Peterman 1987, and references therein). ;

~ Pacific salmon differ from most other populations in that only part of the

population spawners) is at of f mn. be o .a q=asi  tin o=  h . d.at any
one time. For Pacific salmon, therefore, Dnly those .currently spawning should b.e.

!
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compardd to a threshold le~rel atany o/~ time. The number we compare to the

threshold level is the current number Of spawners, i.e., the abundance of the spawning

run, not the total number in the population. We chose a value og 100 females as the

quasi-extinction level below which we defined complete failure of a spawning run to

occur. In an attempt to detect depensatory effects at low population levels ofa number

of fish sp~des,Myers~et aL 1995 found depensation in ordy a few. Among the few were

several sahnon stocks, and inthe most convincing case depensation 0ccarred at 100 "

females.

Defining extinction to depend on spawning runs dropping below a specific level,

presents a problem when trying to combine the effects of spawners going extinct in

various years into a definition of extinction of the whole population. A reasonable

approach is to define population extinction to have occurred when all of the A temporal

subpopulat~ons have gohe extinct, where A is the age at which most individuals spawn.

Because Pa cific salmon pol~Ulations are indeterminate semelparous, not strictly ".

semelparouso this apploach incd~ a potential problem: by the time the last :.~. :’:~’-.’- ::i.~.-._--

subpopulation has’dropped below the extinction Ievel, one or more of the other

temporal subpopuIations may have increased to a hvel such that it is no Ionger below

the extinct level. The likelihood of this obviously depends on how each individual

extinction of a spawning run is treated. We chose to set the reproduction by a spawning

run to~dr0 each time d-spawning run droppefl belo~ the extinction levdl. ’-:". .... . .:

¯ " An interesting co~equence, of reIevance to Pacific sakaon in general, is that on

the time scales commoid, y considered in computing extinction probabilities (i.e., less.

than 100 years), once a temporal subpopulation has become "extinct" (i.e., not spawned

at the ag.e of maximum reproduction), it appears.to increase from zero to above the

extinct level within 100years only very rarely. We demonstrated this for the sti~wning

age distribution of thh wintdr runchinookl as "well as for other distributions in general,.

by simulatingpopulations that all had the same probability of exfindion (set by." ,~
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adjusting the geometric mean of the CRRs). Th.e. ~ .u~...b..e.r_ of...cases in which cohorts that

Were ~ounted as extinct and set to zero subsequently .rose to above the extinction level

was always less than 2 percent (Table l). Becafise of this, in computing probabilities of

extinction for winter run chinook salmon, most of whom spawn at age 3, we needed

only to keep track of the time at which the third temporal subpopulation went below

the quasi-..~ction .threshold.

With extihctiofi.specified, we turn to evaluating the sensitivity of extinction to the

values of spawning distribution used and the distribution of environmental varia.biIity,

CRR. We evaluate these aspects for mean v~lues of CRR in the range that will be of

most interest to analysts. In work with endangered species, neither a rapidly decreasing

population in danger of imminent extinction, nor an increasing population in no

danger of extinction will typically be the focus of this kind6f analysis. We therefore

explore behavior for eometric mean values of CRR near 1.0.

The ..first questio.n we.asked was whether. We could app.r.oximate th~

indete ~rminant.sem.elparous popu~ation with. a d..et~ . ~rminan.t..s~em.elparous POPula.tion

that spawned at the age of maximum spawning. It Would be mathematically and

numerically much simpler to determine probabilities of extinction of determinant

semelparous populations, because of the lack of age structure and the independence of

temporal subpopulations (e.g., using the results of Lewontin and Cohen 1969). We

tested this by ~imulatin. g populations .withdif~rentagestr~..�..t~.es, starting from an

initial abundance of 10,000. We chose a distribution of CRRs With mean in logarithms

of-0.2 and standard deviation in logarithms of 1.0 to obtain easily detectable

probab~ties. Re res~dts show that e~inction p~obabmti~.s.~.~ Pa~ sa~o~ids are
sensitive to the distribution of spawning 0ve~ age. P.~o.ba.b~Uti.es. of e.~.o~. ~or
determinant semelparous populations increase much"mo~ rapidly.with time than

populations that have even the slightest number of individuals spawn£n, g at other

(Fig. 4). In addition tO the importance this r~ult has..’m ~omp~g.Ii~..e .his. t°rie~: .it. has.. :a

D--023984
D-023984



disappointing effect on prospects. f~r a~alysisl "~ppro~nating indete .rminate

semelp.arous populations with determinate semelparous populations does not atSpear

feasible,

The next question addressed was how sensitive the probabilities of extinction

were to theactual shape of the distribution of CRRs. We wanted to know whether in

simulating this population we needed to. sample fromthe distribution of CRRs

indicated in i~i~ 3, or we coulds~ly use a ~aussian ~bution o~ InCZR with the"
same mean and standard deviation of In (CRR). The distribution of InCRRs (Fig. 3) is

not Gaussian using the" logarithmic test appropriate for data which may not matchin

the tails (p<.001; Zar 1984). To test whether we could use a Gaussian distribution, we

compared extinction probabilities from simulated populations with the CRRs in Fig. 1 to

those obtained f~m simulations using a Gaussiandistribution with the same mean and

standard deviation. The results indicated that a Gaussian distribution gives

probabilities of extinction very dose. ~. to the values obtained With the estimated

distribution. Thus, in thi~ case, probabilities of extinction i~ppe~ to bd relatively.

insensitive to the distribution of randomness in environmental effects about any

specified mean near 1.0. For the following analyses we used Gaussian distributions of

...."    -: viabmty ~d Reco~y of’Winte~Rk~ Ci~ook --,
"

We can now apply this model of extinction of a salmon population.to the

¯ practical problems assoda.ted with .recovery of the winter run chinook stock. Of the ¯

three functions that viabilit~ modeling can fuIRtl, (1) assessment of the current

p̄robability of extinction,(2) formulation of delistingc~iteria, and (3) evaluation 6f

.~,t,~ for ~,~o~y, the ~t ~ ~a~ fo~ th, W~te~ ~~h~oo~ ~,r~°~ fo~ o~
the..second, and makeonly qualitative comments reg’a~din~ th6 third. From the

|
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geometric decline in spawning ..a,b,..u~. d..an_c.e., in..~ig. 2, the computation involved in the

first task is merely a forma!i.’ty.f.or...t~ pop~a..tio.n. Based on the distribution of female

spawning over age, and the distribution of CRR estimated above, the probability of the

winter run chinook salmon going extinct soon is essentially 1.0.

The delisting criteria.are a complete, quantitative specification of the conditions

that the listed stock must meet to be considered to have recovered to the point that it is

no longer likely to be in immediate danger of extinction in the near future. Quantitative

specification of the danger of extinction requires def~nitionof the time period and

probability level we will consider safe from extinction. For the winter run chinook, we

decided on a probab.ility near_0..1 ove, r a period of 50 years. This is less conservative

than ~terla. used ~fo.r.so. m,e o~.e.r...sp.e.a.’..es~,.~u.t...~.co~id.eied safe in. ~ight of...the.fact that..

this population will be closely monitored, not just br.0.ught to the delisting le.vel, then

assumed recovered, without further attention.

The choice of conditions to be required for delisting is a critical or~e. In most

recovery plans for the U.S. ESA, oniy pop .ulation abundance has been specified.

Ho,~e.~er, spe~cation of a~.~ce, only aoes not completely ~eaect ~u~e ~ros~. e~
for population abundance and ~xtinc.ti0~ .Ra.~ie.r some’specification .of population...;.

growth rate is required. This is especially important for salmon stocks for a couple of

reasons. First, salmon stocks can be increased to high abundance fairly quickly and.

easily through artificial propagation. It would not make sense to specify a delisting

~bun~ance that ~oul~" e. asily be me~ .~y cons~on ..of a tempor~y hat~e~.._S.e~ona,
natural population gro .wth rate.’.~ an integrated reflection of the various factors affecting

habitat quality. Hence, including it in,delisting criteria specifies general ha_bi~at.:~ .: ~ ~,:.

!
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Waples 199~:), as well as for endangered species.in’g:6neral (Tear, et aI. 1993).

Construction of the delisting criteria thus requires choice of the population I

growth rate and abundance to be specified. Here we use the geometric mean of CRR as
!

the definition of population growth rote. One could choose the values of population

growth rate and abundance required for delisting based on the tradeoffs involved in !
thei~ combined effects on probability of extinction (Fig. bO. For the definitions used ""

here, a decline in the mean of the natural logarithm of CRRs of 0.2 requires an increase1

in specified initial abundance of roughly an order of magnitude to maintain the same
!

probability of extinction. While this figure demonstrates the trade-off between growth

rate and initial population abundance, we did not use it directly to choose an acceptableI

combination because it does not include the effects of estimation and sampling errors on

probability of extinction. We chose a population growth rate of hl(CRR)&---0.0somewhat1

arb.itrarily b.ecause it corresponds tO h constant deterministic po~ulati6n." We then chose
I

a leve~ of spa- .wning abundar~c~ to satisfythe Condition on prol~abili~y of extinction (Le.,

less than 0.1 over 50 years). A ~pawning abundance of 10,000 yields a probability of !

extinction near 0.1 whensampling and estimation error are accounted for. We use that1spawning abundanc4 in the following calculations to demonstrate how accounting for

samplin~ and e~timation error increase the corresponding probability of extinction from

~e Valueless than 0.01 sh0 .wn in Fig. 5 to nea~’0.1. ¯ ’. ¯ ~.. :: :’: : :. ::~:-":. :-~:: . ."        ""

Sampling Error ¯
: 1

possible delisting, we would no~ know the geometric meanof CRR, but rather ~ould~

have to estimate it from r(~cently observed valuesof Spav~inghbundance.. Because t~at1

I
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the resulting probability of extinction. To include ~e error in the estimate of CRR, we

write the probability of extinction as the probabilities of extinction for each possible

value of CRR, summed over the probability of occurrence of each value,

p[extinctionl- ~ v[extinctioni~.lp[~i~], . (9)

where ~-- the geometric mean of CRR and ~ = the estimate of the geometric mean of

CRR. To investigate the effects ofsampling variability on the probability of extinction,

-we note that the effect of many estimates of E of 1.0 would be a distribution of true

valuesof ~ equalto p[~l~] with E=l.0,so thatwe can represent p[EIE] with

p[EIE = L0] in equation (9). One could estimate the probability distribution of the

estimate p[~l~" - L 0] from a description o~ the errors incurred in the estimation of CRRs

descn’bed above. However, the relative insensitivity o£ the probability of extinction to

the dis~zibution of CRRs and the age distribution Used to estimate the distribution of

c :( aadi g a dete  t se eiv o ’  b non) Suggest a simpler," ’. -’

approximate approach. Estimation of the geometric mean of CRR in the semelparous

case can be accomplished by estimating the mean of the logarithm of the CRRs, an

estimate whose sampling statistics are well known. The variance of the estimate is the

variance of the samples divided by the number of samples, and the distribution of

errors is Gaussian if thevariance is kn6wn~ and Studen~-t ff it is not. Since future

habitat improvement will belikelyto lead to less variability in the envirohment, we

have made the conservative assumption that the variance in the samples, will be the "

same as the current variance and have not estimated it. Thus the variimce in the

estimate of the mean of the logarithm of the CRI~ is the estimated variance in In(CRR)

divided by the numberof samples u~ed to estimate the mean of In(CRR). " " ’ ....". ¯

To estimate th~ effect Of varying sample size 6n probability of extinction,we .! ~

simulated populations with an’initial hbundance of 10,000, the baseline spawning --... !..
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distribution and the estimated standard deviati6h of CRRs.,F°r each sample size, we

computed the standard error as the staftdard ~Ieviation divided by the square root of the

sample size, then the probability ~f extinction for every possible estimated value in that

distribution, assuming a mean In(CRR) = 0.0.~ We. summed over all of these as indicated

by equation (9). The results show the dramatic ~ffect of sample size on the probability

of extinction (Fig. 6). At least 7 samples are required to reach the range of probabilities

less than 0.1. No~ tha’tn samples indicated in this .figure would requires n+4 years of

spawning abundance data to estimate the required number of values of CRR.

Measurement Error

These results assume that spawning abundance is known exactly, where,. ~for

most endangered salm~nids, spawning abundance will involve an error, which we term

measurement error here. For .example., for.~the.. .:winter run chinook, spawning .rt~ns..were.

known with negligible error f~om 1967 ..through 1985 from counts taken at the Red Bluff

diversion Dam. Since 1985, however, the gates of that dam have. been open during the

early portion of the migration of winter run, hence spawning counts are available only

during the last 13 weePs of the 35 week run and abundance must be estimated with

associated error .......

We can determine the impact of me.as ~u~,~’dment error on our estimate of the

geometric mean of ~ by approximating it with the value that would correspond to a

population with a single age of reproduction. If all in~iividuals reproduced at the same

age, E t = Nt/Nt-3. Since most methods of population estimation have a certain

percentage, error, errors in logarithms, of CRR would be additive, resulting in an error~.~,.

In(Et) of 2oM2, where OM is the Variance of the measurement erro~.’mvolved in....

estimating the logarithm Of spawn, in" g abundance. ,The impact of this error.on t!3.. e

estimation of extinction probabilities associated with estimating In(CRR) car/be
¯

’" ’ "" " "    ~" ’ ":" ’ " " ~’"

!
D--023989

D-023989



determined by simply adding 2OM2.to the error-free enviromn .ental variance. The

resulting relatio~hip can be displayed as extinction rate in terms of both sample size       "

and estimation error (Fig. 7]. From these results one can choose the combination of

sample sizes and estimation errors required for recovery.

For the winter run chinook salmon, for example, we chose an estimation error of

25 percent, which is achievable in many population estimates in general, and

corresponds to ~i req6irement of 9 samples. This requires .that a newmethod of      -

estimating spawner abundance be implemented. Note, however, that we could have ¯

used the current method of estimating spawner abundance and required additional

samples. The precision.of, the current method can be estimated ~rom a regression of

complete counts (weeks 49-32) (Fig. 8) from 1967 to 1985 on counts from the current

counting period (week 20-32). A regression of natural logarithms with. slope 1.0 yields

a mean-squared-error of 0.831, which corresponds to an approximate percentage error

of a little over 100 percent (the one standard deviation range is from 0.4~ to 2.22 times

the estimate). From Fig. 7, continued use Of.th6se, co..unts ~ou!.d requir.e about 18..

samples.

From these considerations delisting criteria were chosen for the winter run

chinook salmon that specified population growth rate in addition to abundance, and

accounted for sampling as well as estimation error. The abundance level chosen was
16,000 spa .w~,. ers per.run, a.nd the..ge.o.m..e .t~ic..n~an ..CRR ~as...chg.s..e...n..to..b.e~ .I..0.. The

number of samp.l.es of spawning abundance was chosen to be 9, ass.uming an.estimate of

spawning abundance with error less than 25 percent. If that error could not be

achieved, the number of samples was specified to incre.ase .by one sample, for every 10

.percent error greater th.an 25 percent. These are not the o.nly choices .that.Yield a

probability of extinction over 50 years of 0.1: The combinations of number O~ ye .a~-s for

which estimates of.spawning abundance are required, thespa..wning a.b...und..an.ce,...and ~

standard error (i.n logarithms) of measurement e~. or...are, show~., in .Fig. 9....Note .t.h. a~t .... ..
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specifying higher mean abundance in spawning run~ w~uld require fewer samples for
!

the estimate of population growth rate. On the other hand, mean abundances less than
¯
10,000 quickly begins to require a prohibitive number of samples. I

Discussion                                       I

The~e r~lts were obtained in the formulation of a model for assessing risk"

specifically for the winter run of chinook salmon in the Sacramentb River, however !

some of them apply to anadromous Pacific salmon in general,while others have
I

important implications for endangered species in general.

I
Winter Run Chinook

While. the model, developed for the winter race.of.chinook salmon on the "
I

SacramentoRive~ i~-d~ l~ovide some basis for thd inalysis i~f i~opt~atiori viability of ’:¯ !Pacific salmon in general, some of the characteristics of this stock are unique. Because

the geometric decline in abundance indicates low cohstant survival, rather than density-

dependence and a rapid de~.ne in a limiting resom’¢e such as the amount of spawning

arda£ the m~del developed does. not. indude demity-depend.ence. It wo~d, therefore,
!

n̄ot apply to popttlatidns an’rentiy fit low abm~dahcedue to reduction in spi~wning .’

area/for example. Emlen (199.5) included density-dependence in recruitment in a modelI

of the spring run of chinook salmon on the Snake River and found that while
Iabundance depended on a parameter reflecting cam!ing capacity, ~ction depended

primarily on thedensity.-ind~pend~nt parameter. Because the wintei run can be " " "
I

.. considere~l to be isolated ~rom ~e other maio-r runs and fhere is ctirrently’only bne ’..

spawning locatioh fO~thisstock~ the mod~l developed Was" for a single populdtion." :, o-"1

Some Pacifid salmon stock~, in parti~lai thosethat ard not mainstem s~3awnersiwill
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require metapop~ation models, w~.s.tr.a.y~g b~ .e~een subpop.ulations. A third ¯

characteristic of winter run that is somewhat special is the availability of a time series o~

spawning abtmdance. For some stocks, such as most coastal coho salmon s~ocks in

California, there will be orgy aggregate.~tch data fi:om the fishery, while for others,

such as some spring run and summer run chinook salmon on the Columbia River and

the Snake .Ri.v..er ~e..tr~_?r~....a._ti0.n .o~.a.ge.s,~ .ctux.e._~ecess...ayy for complete run ..o

recons~ction ~ ~ available.

Most of the results obtained here employ the ~e history characteristics of winter

run chinook, hence apply directly only to a stock with that spawning distribution. The

winter run tends to be closer to determinant semelparous than the other Sacramento

runs (Fisher 1994), and proUa~ly most (I-Iealy 1991).R~ver chinookstocks We have

several instances evaluated .the sensitivity.to specific parameter values, however

prudent ~.e.o.~.t~.’. apprq...ach._will req~re evaluation of spe~’c parameter values. For.

we ,ha. not mo.del..in.te.rms of.completely gene.r. ...
sun, s over an arbitrary number of age classes, ~ut ~e_e~xtensions are stra~.ghtforward.

" Some of the specific numerical values chosen in the viability analys~ of the

winter run chinook deserve comment. That the time period (50 years) and the threshold

extinction probability (0.1) are respectively on the low and high sides of the ranges of

commorfly used values may appear ris .ky. However there are several other aspects of

the formulation that tend to be conservative. ~he.most.significant is the inclusion of the.

effects of uncertainty in.estimation of parameters for.delisting. From ~e 10w ...

probabilities of extinction corresponding tO. highn ~un~,.e.~ of samples on Fig.. 6, o.n.e can
see that i~ we ignored the effects of uncertainty, the stated probability of extinction

would .be less than .01. that the winter chinook sahnon wii1be aAlso, we

doseIy monitored pop~ation The presence of four other salmon ~tocks in this .sY~.t.em,

one o~ which has been PrOPosed for rating under the ESA, and the central importance
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doselywatched. " ~ "’ : ° "

One of the ongoing and impoffant aspects of viability analysis of this winter run

chinook not described here is use of this mod~l to formulate recovery strategies.

Recovery strategies require determination of the effects on CRR of controllable

influences (e.g., r~er’flows, harvest) ar~cl u~co~trollab]e influences (e.g., precipitation,"

ocean conditions). These can be determined either by assessing cova~iabi]ity between ""

CRRs and environmental time series ~r by incorporating environmental time series

directly in the estimation of CRR. Recovery strategies can then be formulated f~om the

combined effects of these various influences and consideration of extraneous factor~.

The fact that extraneous factors for one salmordd stock may involve other salmordd

stocks linked either through migration and a metapopulation structure, a .common

harvest~ ~r a c0m~t ~rce of water forda~ releases may lead tb corisideriffio~’of

several stocks at on~."Recovery strategi~ r~qu~r~ cor~ideration of the combination of

action, s that wiIi Iea~ to t~0 l~]s.o~ population growth,:6~e dt~ring the ~ee0V~r phasL~

and a second during the recovered, sustained population phase. Use of artificial rearing

may be considered in theformer. Unce~ainty in the estimation of the effects o~ various

factors on popula .tion growth rate suggest close monitoring and adaptive responses

during the increasin:g phase~ Ar~ informativ~ way of describing predicted outcomes is
~’.

in terms’ ~ tin{es :io ~o~er~"As part of that projection; for the delistinl~ i:fit~ria

he e; :, iha  one
.abundance is10,000 and the mean ln(CRR) is 1.0, will satisfy the criteria in the first

possible ~ar m6re than 60l~ercent of ~he time.

...............° " " " ~;"     -                           "     ;’ "

.. !
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In a pop .ulafion of anadromous Pacific salmon, the individuals currently
’ ’.

spawning are in greater jeopardy th~an the rest of the popul, ation, hence all individuals

in the pop .ulation are not. und.e, r fl}e same .risk, as assumed in most ~odels of population

viability. Also, most Allee effects considered for Pacific salmon depend on numbers in

a spawning rim as opposed to total n~mbers in the population. As a consequence of

these, one ~ramot take the typi~i quasi.-e ~xtin~don approach (G~bm’g, et al. 198,3) of.

computing the. probability of total abundance being less that a threshold, but rather -.

m~t compute the probability of a segment of the pop~ation (~trrent" spawners) being

below a tttreshold..The fact that an Allee effect can depend on abtmdance of only part

of a pop~ation is not completely tmique to Pa~f:ic salmon. Althougl’~ rarely mentioned,

it would be true 0f any popu!.ation in which, for example, failm’e to find a mate is the

purported Allee mechanism ~nderlying the threshold (see Cisneros-Mata, et aI. [1996]

for some of .~..e impli.~tions). : ~ ...,. ~..:~. .. . ....~.

. ".2,

v~nerabig.’ty of spawners, rather than the .~g0~.e: pop~l, ation make the de~nition of .

probability of extinction for Pa~i/’fic salmon somewl’mt problematic. Sett~g spawning

runs to zero when they dropped below threshold and keeping track of only the A

temporal subpopulations (for a species spawning primarily at age A) was

demonstrated to work well here; but various alternative approaches wo~ld.be worth
" ; " i ...... : ’ °" "-:’ ". : -" .... ¯ .....

studying. "’ .,.
...

The ac~tra ~c3r of estimating CRRs from time s~ries of spawning abm’~dance of

measurement and structmral errors in the data. The estimatio.n pmcedttre is essentially

a deconvol.u.ti’?.n, the a, ge-~aggrega.t.~d spawning data, hence, th.e numerieat properties

of decom,’olution t~,~pe and Botsford 1988) ~n be used to assess these dependencies.

De~rting age s.tructm-, es (i.e., ~,i.<p’.... ~_ ~.~. 2) will lead to betterestimate~ of CRRs. than those
with partial rec~..~itment’ o[ younger, age dasses (i.e., ~2<~a): The age str~cture.,u~ed
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here to estimate the .CRRs is ~articularl~ error prone, but others may i~ot be.

Measureme~{t "’ ........ ’ ........... "errors for the direct counts available for winter run c.h~ook are probably

quite small, and ~ ~r~gably be greater where Other methods are used. Structural

error~ (Le., temporal variability in values of C~a)Could be large in Pacific salmon. The

age of maturity can vary fromyear to year i~Pa~ic ~alm"on (e.g., Peterman i985).

While these~ro~l~ ~y affect thepre~zis~0"~f e~at~s ~f individual values of

o~ ~h~~~o, o~ CRY. ~, ~o ~o~ ~ ~h~y ~e,~oa the ~ o~e~ h~
However, they provide a rationale for the use of CRRs estimated using the semelparous

assumption rather than the noisy estimates obtained using the observed age si~-ucture.

The large difference in probabilitie~ of extinction between the determinant and

indeterminant semelparo~S mode~ (Fig. 4) imp|ies there maybe a broad range of

the various stocks. This result also nnplies that the 6.ffect of harvesting on the age "

s~u~e of ~ P,~ ~o~, ~h~ is to ~kew the ~ge ~..~tio~ to fewer, Iowe~ ag~,
will be to i~crease the risk of extinction. This result for’indet6rminant semelparous

populations is consistent with the idea in life history theory that distribution of

(e.g., Murphy 1967, Stearns.1992).        "’                    . "¯

from am~thod~logica~point ~f view. Being~bl~ tohpp~--~i~nh~e ~. indete~nt

semeipar~us p0p~Ia~ion Witha determinant semelparous population ~)0~l~1 ~nake a
-. ~,., ¯ -. - " ¯ ~- :~;~,.~:," : ~...’.’- -"’.-" ".. -.... "-i- .-’..r .....

variety ~f Simple app~:oaches useful (e.g.; Lewontin and Cohen 1969). Furthermore, the

of so~me ~ther~cise: ~eful general r~sults ~.~.~ ~xp~i0~s" [o~"th6 ~li~t~ib~tion0f : ....

!
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I abundance of age strm:tured pop~a.ti.o.nso[T...uljap .urkar 19832] and the conseque.n!

diffusion appro ".x~mation [Lande.and Orz.a~ 1.988] assume iteroparous populations).
I

Use of analytical methods .w.hi.c.h assume either determinant semelparous or strictly.

I itemparous popu.l.ations should be carefully evaluated before use in the gray area of

indeterminant semelparous populations. Viewing these indeterminant semelparous

I populaff.ons .as t.~.mvoral metapovu_l.atior~, with marginal "dispersal". between them is

I probably a useft~ met’a~)hor. ~. ¯ ..

I Endangered Spedes

I The larg~ disparity betweenthe probability.of extinction computed from a

I specified value of average population growth rate (CRR) and the probability,of ¯

extinction co .mputed from an estimate of population growth rat~ (Fig. 6) implie~ that

! similar uncertainties should be explicitly accounted for in delisting criteria for _oth.e,.r _. ;.

sl~ecies. The sensitivity of extinction rate to ~.uncert.ai~ ty in the estimated value of mean
popuIation growth rate follows from the fact that the probability of extinction ~lepends"

I sharply on the mean population growth rate (i.e,, in the case addressed here . .

dP[E]/dE<<-I near In(C.RR)=O.O). Therefore any uncertainty in the value of average

population growth rate i~. creases, the probab.il~ty of extinction dramatically..This result
"’.                              ¯                                     . " : .~ .... ::’.,:7"~. ....

I
is not specific to the ~ase of. cohort’re laceme~ ~ate, but’would also be true for other

measures of population growth rate such as the rate of geometric indrease, ~,     .

I Accounting for s~.~h, uncertainties i~ not without problems, both ¢oncept’ual and

real. In computing the impact of tmcertainty in the mean value ol! ln(CRR) on the

I probability of ex .t~ction, we ne.e.ded..th.e cond!.tional distribution of ac~l.~y~e.S

i ln(CRR) given the estimated value of 1.0, which is tmknown. Bemuse it is

used the Conditional distribution ot~ estimates given a true value of 1.0. Be~ausetI~ is
"...,~.

I one of the terms in the desired, conditional d~." trib.u.ti0n expressed using Bay~

D--023996
D-023996



this is a reasonable app~oximation,e~pe~iallb; considering that there

knowledge of the mean value of ln(C~,R;~mder durrent condition~. A Bayesian

approach to this is an alternative that some~nay wish to pursue.      "

A second recomm~ndati6n fordelisting criteria for endangered species in general

is the inclusion oi s~me measure of population growth rate as a criterion. This allows

the delisting decision t~de-p~i~d o/( thedi~eL-t consequences.of improvement in quality

of the habitat and enx~i~onment of the listed species. The improvement of natural

habitat has been a de facto recommendation associated with almost all listed species,

but delisting criteria have typically not. included a specific measure of habitat

improvement, except insofar as it might be reflected in current total abundance.

Specifying abundance may in some cases adequately reflect habitat quality, but not as

specifically and comprehensively a~ specification of population growth rate. This is

particularly important f0~ Pacificsalm0nand other species that areeasily

" "Th~re~ little Spe~iai in.~u~°ch6ice~tha~ th~’a~,emge growth rate be 1.0 (Le., that

the geometric mean of CRR be i.0). It ha~ some appeal due to its deterministic

eq~alent of a seU-~t~ningpovulatio~, but other valu~ could be chosen. ~ager~
should be aware that since the distribution of abundance is lognormal, guch a

specification 6nly impii~s that the medi~o~u~i~on havh a growth rote of 1.0; the

mode may be h~ss~ At some point, the balance Between ext.remelylow probabilities of

me~g~ess, ¯and an ,d.~v~+’~.    ..avpr°’ch ~h close mo~to~g becom~ more "
reasonable.                                :                ¯¯    ’      :

O~e ~fthesomewhat ~heo~e~=l"~e~ oitheuse of~ ~terioa
population g~owth rote is the pri~ileged ~tatus gi:ven tothe first y~ar and the last year

used in the esamanon of the h~ag~’~owa~’~a~e , ~h~ch in
ln(CRR). This status ~an be most ~a’siI~’~een inthe�ompletely semelparous Case,in :.

!
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which estimation of CRR involves of in one by thedividingth.e n.umber spawrners year

n .umber spawners in the year that would have produced them. In the geometric mean

of these, all abundances would cancel, except for the first and last. A similar situation

arose in the method used for estimating k developed by Heyde and Cohen (1985), but

they found that none of their attempts to incorporate intervening values improved the

estimate Of the mean....
...... .-~.~. -,.,,-..’ .... .."- .. . ".’, ~ . ~ "..    ~., , .’ . .

In s~a~, w~ have developed, evaluated and applied a model for viability

analysis of a Pacific salmon that directly reflects the winter run chinook in the

Sacramento River. The facts that density-dependence is not important in this species

and that it is a s.ingle populatio.n, rather than a metapopulation make this stock, and the

model, somewhat special. However, it illustrates many of the issues relevant to

recovery of the many d.epleted stocks of Pacific salmon, and at least presents a null case

that can provide a c0.n.t.ext.in which to evaluate the more complex situations appropriate

for other Pa.cific salmon." Some aspects of this fo .r~..~.~ation may be a~lvantageous for

endangered spe es in gener.L These in ude spe .’c acc0  g
estimating population parameters, and the direct spedfication of l~abitat improvement

in terms of its .effect on population growth rate.
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Table 1. In simulations of WRCS begimfing at spawning runs of
10,000, the percentage of years in which an extinct cohortI increases to above the extinction level all cases mean lnCtLK
were adjusted so that the probability of population extinction in

I 50 years was 0.05.

Spawning Age Distribution Minimum Cohort Size

I 2 3 4 100 50
.̄0.00. 1.00 0.00 0.00% 0.00%
0.01 0.99 0.00 1.66% 1.35% ""

I 0.00 0.99 0.01 1.87% 1.38%
0.01 0.98 0.01 1.02% 0.74%

I 0.10 .0.90 0.00 1.15% 0.92%
0.00 0.90 0.10 1.39% 1.12%

I 0.I0 0.80 0.10 0.38% 0.33%
0.00 0.89 0.11 1.40% 1.18%
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¯ Figure Legends

Figure I A map of northern California showing the former spawning area of

Sacramento River winter run chinook salmon upstream of the Shasta Dam, the

location at which adults are counted (Red Bluff Di~,ersion Dam) and the

migration pathto the ocean.

Figure 2 The count of the numbers of winter run chinook salmon spawners traversing

the Red Bluff Diversion Dam (solid line), along with the fit to these data used

to estimate cohort replacement rates..(dashed line). The inset shows the same

information on a logarithmic scale.

.Figure 3 The distribution, of the natural logarithms of cohort replacement rates obtained

frq.m the fit to the spawner counts in Fig. 2. Note that most of the values are

less than zero, the value corresponding to a constant population in the

deterministic case.

Figure 4 The effeci on age structure on probability of extinctio~ The.increase With time

in probability of ext~ction for a semelparous population with spawning at age

3, and for similar populations with
..

and both ages. The mean of ln(CRR) was -0.2 and the variance was 1.0. Note

the large difference between the semelparous case and the spawning

distribution estimated for the winter run, 0.89 females at age 3 and 0.11

females at age 4.

¯
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Figure 5. Probabilities of extinction of the model of the winter run chinook salmon for

various values of means of the natural logarithms of cohort replacement rate

and initial population abundance .that could be specified in delisting criteria.

Figure 6. The effect of sampling error on probability of extinction. Probability of

extinction withinS0 ye.ar~..for a population startling at 10,000 females per
":~..~                 .     :’..’:.;:

spawn~g run if the geometric mean population growth rate is estimated to be" "

1.0 (i.e., mean ln(CRR) estimated to be 0.0) on the basis of a specified nm~ber

of samples of ln(CRR) where the standard deviation of In(CRR) is 1.0.

Figure 7. The effect of estimation error on probability of extinction. The probability of

extinction at various levels of precision in the estimate of spawner abundance

[the standard error in the estimate of in(spawners)] for several values of the

number of samples used to estimate the mean of In(CRR).

Figure 8. A regression of the counts at Red Bluff Diversion Dam during the complete

annual run on the counts during weeks in which counts are currently" made,

and from which total run abundance is currently predicted.

Figure9. Combifiations. of parameter Values i~he.rec0~ery criteria that meet .t.he

requirement that p[extinction]<0~l in 50 years. These are number of samples

used’to est~ate the CRR, the abundance of spawners in a run and the

standard error in estimating spawner abundance. Thfi values used were 9

samples, 10,000 spawne .rs and a standard error in In(spawners) of 0.25.
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